ABSTRACT In this paper, we consider the performance of an amplify-and-forward relaying-based multipleinput multiple-output space-time-block-coded cooperative communication system. We propose an efficient two-stage receiver design for a relay-assisted transmission scenario over frequency-selective channels. It is also demonstrated that the receiver is able to achieve the full diversity order of the system by incorporating linear processing techniques. With this method, the potential spatial diversity and multipath diversity can be obtained by using the diversity-combining technique, which frequency-selective fading channels can be equivalently transformed. Simulation results show that the proposed scheme significantly outperforms the minimum mean square error and ZF receivers, while maintaining nearly linear complexity.
I. INTRODUCTION
Many new emerging applications have created an increasing demand for higher data rates in wireless cellular networks [1] , [2] . The fast development of wireless communication has motivated all kinds of wireless services and applications. A key challenge for high-speed broadband applications is the dispersive nature of frequency-selective fading channels, which causes so-called inter-symbolinterference (ISI), leading to inevitable performance degradation. Theoretically, the most effective technique to mitigate multipath fading in a wireless channel is diversity and transmitter power control [3] , [4] . In most scattering environments, antenna diversity is an effective and, hence, a widely applied technique for reducing the effect of multipath fading. The classical approach is multiple-input multiple-output (MIMO) combining or selection and switching in order to improve the quality of the received signal [5] , [6] . The advantages of MIMO systems have been widely acknowledged; to the extent that certain transmit diversity methods have been incorporated into wireless standards. Although transmit diversity is clearly advantageous on a cellular base station, it may not be practical for other scenarios. Specifically, due to size, cost, or hardware limitations, a wireless agent may not be able to support multiple transmit antennas. Cooperative communication allows single-antenna mobiles to reap some of the benefits of MIMO systems [7] , [8] . The basic idea is that single-antenna mobiles in a multi-user scenario can share their antennas in a manner that creates a virtual MIMO system.
Space-time block coding (STBC) has been proposed as a communication technique for wireless systems to realize spatial diversity by introducing temporal and spatial correlations into the transmitted signals from different antennas [9] . In particular, STBC has been developed to provide reliable transmission for MIMO antenna systems. Different STBC designs produce codes with different multiplexing and diversity gains [10] . Furthermore, distributed orthogonal space-time block coding (DSTBC) has been applied to cooperative communication systems to obtain potential spatial diversity [11] , [12] . Although some current results have been obtained, but most of these theories assume that the channel is quasi-static and flat fading, in which the fading paths are assumed to be independent of each other. However, the actual channel is frequency-selective fading. STBC is designed for flat fading channels at first, so ISI can occur for the frequency-selective fading channels, resulting in unavoidable performance losses. The bit error rate of amplify-and-forward (AF) cooperative transmission systems is particularly bad over frequency-selective fading channels [13] . To solve this problem, an improved DSTBC was presented that included coding techniques for theory and practice in channel-selective fading, as well as corresponding improvement measures.
DSTBC mainly includes orthogonal frequency-division multiplexed STBC (OFDM-STBC), time-reversal STBC (TR-STBC), and single-carrier frequency-domain-equalizer STBC (SC-FDE-STBC). Alamouti proposed an elegant STBC that guarantees full spatial diversity and full rate over frequency-flat channels. Based on [14] , a combination of STBC and SC-FDE for frequency-selective channels was presented in [15] . It has been shown that FDE is an attractive equalization scheme for broadband wireless channels, which are characterized by their long impulse response memory [16] . Unlike TR-STBC, whose complexity grows exponentially with channel memory and spectral efficiency, SC-FDE-STBC enjoys lower complexity, due to its use of a computationally efficient fast Fourier transform (FFT). Furthermore, OFDM-STBC has several advantages over orthogonal frequency-division multiplexing (OFDM) systems [17] , such as large peak-to-average ratio and sensitivity to carrierfrequency offsets.
SC-FDE-STBC is first applied to the relay cooperative system, and then a time-domain equalization algorithm of SC-FDE-STBC is proposed, obtaining the maximum diversity order [18] . Although significant diversity gains in the current literature on SC-FDE-STBC have been demonstrated [19] , the cooperative communication systems are based on protocol III, in which the first time slot in the relay collaboration only considers the communication between source and relay. Because the broadcast characteristics for wireless channels are ignored, there is a partial loss of performance. In order to overcome the shortcomings of the schemes proposed in [19] , we consider the cooperation protocol I in this paper, taking into account the communication between the first time slot and the STBC part of the second time slot. The signal corresponding to the second-time-slot consolidation can achieve additional diversity gain, which greatly improves system performance. The signals of the first time slot are merged with the second-time-slot signals.
II. SYSTEM MODEL
In this paper, we consider cooperative communication for single-relay-assisted systems. The source (S), relay (R), and destination (D) are equipped with a single antenna. The channel impulse responses for source-to-relay, source-todestination, and relay-to-destination are denoted respectively, h SR , h SD and h RD :
where L SR , L SD , and L RD are the channel memory lengths. We also compare the performances based on protocols I and III for cooperative communication systems.
Protocol I: The source terminal communicates with the relay and destination terminals during the first time slot. In the second time slot, both the relay and source terminals communicate with the destination terminal.
Protocol III: The third protocol is identical to protocol I apart from the fact that the destination terminal chooses not to receive the direct S → D signal during the first time slot, for reasons that will be elaborated later in this section. This protocol does not implement broadcasting, but realizes receive collision. 
III. COOPERATIVE TRANSMISSION SCHEME
The block format of STBC is shown in Fig.1 . We add to the cyclic prefix (CP) with length
] before each block, using the CP technology, where (•) denote the complex conjugate, and P is a local N × N permutation matrix. In order to loop the channel matrix and further reduce inter-block interference (IBI), we add to the cyclic prefix (CP) with length
before each block by using CP technology.
During the first signal interval for the kth (k = 0, 2, 4, . . .) transmission block, the source transmits the block x k 1 with length N :
H SR , H SD and H RD are the circulate N × N matrices:
[
The signal received at relay and destination during the first signaling interval forms as
where n k R and n k D,1 is the additive Gaussian white noise. Next, the source transmits another block x k 2 with length N in the second signal interval:
At the same time, the relay forwards the received signal of the first interval r k R , and the destination receives the signal VOLUME 6, 2018
where
for the k + 1 block during the first interval,
The signals received by relay and destination during the first interval are denoted r 
Similarly, the signals received by relay and destination during the second interval are denoted r k+1 D,2 :
IV. DIVERSITY RECEIVER SCHEMEs
In this section, we present the receiver processing of the proposed scheme shown in Fig. 2 . There are three two-stage equalizers. Equalizer I is used to process the STBC signals.
A. THE FIRST STAGE
The signals received by the frequency domain are transformed using a discrete Fourier transform (DFT). Multiplying (9), (11), (14) , and (15) by the Fourier transform matrix Q, we obtain
The channel matrix is a circulate matrix,
where i denotes a diagonal matrix, for which the element of the diagonal is equal to the nth DFT coefficients of h i , and i denotes SR, SD, and RD. Exploiting this property, (16), (18) and (17), (19) are rewritten as a matrix:
T . Equation (11) represents the frequency-domain expression of transmission blocks for the kth and (k + 1)th signals received during the first interval. Because the source and destination comprise point-to-point communication, the blocks of kand k+1 have no coupling. Therefore, the transport blocks can be detected separately, and the minimum mean square error (MMSE) can be used to obtain the estimation of the transmitted signal.
The MMSE expression is given as
Equation (20) indicates that the destination receives signals from the source and relay with STBC during the second interval. Because the blocks of adjacent intervals are coupled, the joint processing is necessary. H H eq and H eq are the diagonal matrices, so multiplying (22) by H H eq , we obtaiñ
where 1 is a diagonal N × N matrix. The estimation of the transmit signal can be obtained from the above asÛ
Finally, upon transformingÛ into the time domain with the DFT, the transmitted symbolsx 
B. SECOND STAGE
The inputs of the second stage arex k 1 andx k 2 , which comprise the output of the first-stage equalizer. In the second stage, the receiver achieves the potential multipath diversity and spatial diversity. The specific process of the equalizers for the second stage is shown in Fig. 3 .
Equalizer I:
In our system, the interference channel is constructed using known channel information. The links: S → R → D.
The equivalent channel H SRD is also an N × N circulant matrix:
The interference channel for S → R → D is constructed as follows:
The interference channel for S → D is constructed as follows:
where l = 1, . . . , L SD , and m and n is the number of the line and column, m, n ∈ [1, N ]. The signal obtained by the first stage of equalizer I is estimated by constructing the interference channel, and subtracted from the actual received signal so as to equivalently obtain the received signal of link S → R → D with path l:
(29) 
Equations (31) and (33) are rewritten to give the matrix
Left-multiplying the matrix of (H l eq ) H for Eq. (20), and decoupling the data blocks of x k 1 and x k 2 , y l t 2 ,i then gives the lth received signals:
(36) The same processing is done to obtain the signals of all paths in the second slot, and then the signals from each path are merged,
. Therefore, the channel of frequency-selective fading is converted to several parallel, independent flat fading channels. When L SR + L RD − 1 = L SD , the space-time decoding process can be performed on Eq. (35) to reduce the computational complexity.
Equalizer II:
The initial detection result is first obtained by the first stage of equalizer II, and then the received signal of each path is reconstructed using the known CSI. The interference channel is the same as that in Eq. (28). At the first slot of the (k + 1) th transmission block, the signal passes through the interference channel and is subtracted from the actually received signal:
At high SNR, we consider the approximation x k 1 ≈x k 1 , and Eq. (38) can be rewritten as
Equation (40) is equal to the receive signals, which are the transmit signals of the block in the first slot through the S → D link to the lth path.
Similarly, we can obtain the signal of the S → D link to the other path, and maximum ratio combining (MRC) is performed. The signalỹ t 1 ,1 is obtained as follows:
Equalizer III:
The processing of equalizer III is similar to that of equalizer II, and the merged signalsỹ t 2 ,1 for the x k 2 in the first slot can be obtained.
Finally, the receiver combines the outputs of equalizers I, II, and III, and then the decision is made to achieve the final result, as follows:
The scheme is divided into two stages. The first stage is the initial detection of the signal, and the second stage separates the signals of each path on the basis of the first stage, and finally separates and obtains the potential spatial diversity and multipath diversity of the system. In addition, the broadcast characteristic of the radio channel is also considered, and the combined signal received by the destination in the first slot is combined with the received signal of the second slot to obtain an additional diversity gain. Therefore, the bit error rate of the system is improved.
V. SIMULATION RESULTS
In this section, we investigate the performance of the proposed scheme for a MU-MIMO downlink system by means of Monte Carlo simulations, and comparing it to the scheme proposed in [19] . The scenarios with channel memory lengths for the source-to-relay, source-to-destination, and relay-todestination are 3, 3 and 1. A spatially uncorrelated flat Rayleigh fading of the wireless channel is assumed, as are noise-distributed complex Gaussian variables with zero mean and unit variance. The rate of the signals is 1.5 Mbps and the length of the data blocks is 128; the channel model is SUI-3 for the links. In Fig.4 , the bit error rate (BER) of cooperative communication with SC-FDE-STBC based on protocol I is illustrated. The received signals are equalized by means of the wellknown minimum mean square error (MMSE) algorithm. The output curves of equalizers II and III during the first stage and the processing of equalizer I on the space-time coding are given. The comparisons of the BER for the proposed scheme are illustrated by the curves. Compared to the MMSE equilibrium results of slots 1 and 2, the diversity reception scheme proposed in this paper exhibits gains at a BER of 10 −3 due to the potential spatial diversity and multipath diversity of the system. The BER comparisons of the proposed scheme with the ZF and MMSE receiver were carried out based on protocol III. Because protocol III does not receive the direct S → D signal during the first time slot, only equalizer I is efficient in Fig. 5 .
When the BER is 10 −3 , it can be seen that 2-dBgainsare achieved compared to those of the MMSE receiver in Fig. 5 .
In Fig.6 , the BER comparisons of the proposed scheme with the ZF and MMSE receiver based on protocol I were carried out. Because protocol I consider the direct S → D signal during the first time slot, equalizer I and II are efficient.
In Fig. 7 , BER performance is compared to those achieved using the existing scheme. Since the proposed scheme takes into account the communication source-to-destination process during the first slot, and additional diversity gain can be obtained processing signals are received from source nodes with equalizers II and III, so the performance of proposed scheme is better than proposed in [19] .
VI. CONCLUSION
This work presents a novel two-stage diversity scheme for cooperative systems based on SC-FDE-STBC. The theoretical derivation and simulation show that the proposed scheme can achieve better BERs than ZF and MMSE based on both protocols I and III. Subsequently, the performance results have been derived considering that proposed scheme and existing scheme [19] , as well as, simulation show that the performance of proposed scheme is better than that of existing scheme. We show that our proposed receiver is able to collect full antenna and multipath diversity gains, which have a lower BER than the present algorithm. 
